One sentence summary: A novel Desulfosporosinus sp. I2 has been isolated from oxidized mining waste in Kuzbass; its genome was sequenced and analyzed. were identified in the genome. Taking into account the metabolic activity and genomic analysis, the traits of the novel isolate broaden our understanding of active sulfate reduction and associated metabolism beyond strictly anaerobic niches.
INTRODUCTION
Sulfate-reducing bacteria (SRB) play a vital role in metal detoxification in natural and engineered environments. Hydrogen sulfide, produced by SRB in the course of sulfate respiration, precipitates metals as highly insoluble sulfides. This bioprocess and precipitation can be used in bioreactors to treat metal-contaminated waste streams. Facilitation of microbial sulfate reduction in natural and constructed wetlands is a less costly technique to treat metal-containing effluents as compared to bioreactor processes and chemical and physical abatement. The approach can be applied to treat acid mine drainage (AMD), acidic metal-loaded water produced during coal and metal mining. Major obstacles for microbial treatment are the low pH and high concentration of potentially toxic metals in AMD Johnson 2012, Ňancucheo and Ňancucheo and Johnson 2014 been demonstrated in oxic sediments of AMD-impacted wetlands in the Norilsk area, northern
Siberia (Karnachuk et al. 2005 ).
To date, few pure cultures of acidophilic sulfate-reducers have been isolated. Only two acidophilic SRB, Desulfosporosinus acidiphilus and Desulfosporosinus acididurans, have been validly described (Alazard et al. 2010; Sánchez-Andrea et al. 2015) . Deeply-branched on the phylogenetic tree, thermophilic Thermodesulfobium narugense isolated from a hot spring had a slightly acidic pH optimum between 5.5 and 6.0 for growth (Mori et al. 2003) . Several
Desulfosporosinus isolates have been shown to tolerate low pH values Karnachuk et al. 2009 Karnachuk et al. , 2015a .
Acidophilic D. acididurans was originally isolated from acidic sediments of Rio Tinto and tolerated relatively high concentrations of aluminum and ferrous iron, but was inhibited by 1 mM copper (Sánchez-Andrea et al. 2015) . The tolerance to metal ions has not been reported for (Alazard et al. 2010) , or for T.
D. acidiphilus, isolated from AMD-impacted sediments in France
narugense (Mori et al. 2003) . Acidophilic Desulfosporosinus sp. OT, resistant up to 236 mM copper, was isolated from a gold mine site in Kuzbass, southwestern Siberia and its draft genome has been published . The draft genome of the only deltaproteobacterial acidtolerant Desulfovibrio sp. TomC has also been published (Karnachuk et al. 2015c ). Our recent findings showed that strain TomC is sensitive to Cu 2+ at concentrations higher than 1.5 mM (O.V. Karnachuk et al., unpublished) . A neutrophilic Desulfovibrio sp. A2 could tolerate up to 12.6 mM Cu 2+ ). At present, four complete and three draft out in the field. For the pH and other field measurements, electrodes were submerged to the maximum extent below to water surface (typically 5-10 cm). Two samples of filtered water from each site were transported to the analytical laboratory of the Hydrochemical Engineering
Research and Outreach (HERO) Group at the University of Newcastle for chemical analysis.
Prior to analysis, samples were stored at 4 °C except for brief periods of transportation. Anion concentrations were determined by ion chromatography (Dionex DX320 for Gradient Anion Analysis) from split samples from both sites. Other split samples were acidified with concentrated ultrapure HNO 3 in order to re-dissolve any precipitated or sorbed metals and analyzed using inductively coupled plasma-atomic emission spectrometry (Varian Vista MPX with a simultaneous charged coupled device).
The mineralogical composition of the upper layers of Xa201 and Xa202 sediments was characterized by X-ray diffraction (XRD) using a Shimadzu XRD-6000 diffractometer as previously described (Ikkert et al. 2013 ). For scanning electron microscopy (SEM), air dried sediments were examined under a Philips SEM 515 scanning electron microscope. Energy dispersive spectrometry (EDS; EDAX Inc., Mahwan, NJ) was performed at a voltage of 30 kV and a working distance of 12 mm. For transmission electron microscopy (TEM) ultrathin sections of the cells were prepared as previously described (Ikkert et al., 2013) . Sections were viewed under a JEM-100 CXII electron microscope (JEOL, Tokyo, Japan) at 80 kV.
Sulfate reduction rate measurements
For the measurement of sulfate reduction rates, aliquots of sediments were withdrawn using sterile plastic syringes, with the tips clipped off, from the middle of the cores or grab samples.
Samples in syringes were tightly end-sealed with butyl rubber stoppers. Aliquots (100 l) of Na 2
35
SO 4 (15 Ci, Isotop, Obninsk, Russia) in de-gassed sterile 0.002% resazurin solution were injected into syringes vertically along the center of the core through the butyl rubber stoppers as described earlier (Karnachuk et al. 2006 ). All sulfate reduction rate measurements were carried out in triplicates. The samples were incubated in the dark at in situ temperature for 24 h. 1 ml of 2 M KOH was used to terminate the incubation and to fix sulfide. The total amount of reduced 35 S was measured as the sum of the acid volatile fraction and chromium-reducible sulfur as described previously (Karnachuk et al. 2005 (Karnachuk et al. , 2006 Muscovite, albite, and quartz were the main Si-minerals derived from the gangue material in Xa201 and Xa202 sediments ( Figure S1 ). Crystalline Fe-sulfides or other sulfide minerals
were not detected in either sample. Arsenic sulfides, including orpiment (As 2 S) and realgar (AsS) were present as minor phases in Xa202 sediment. Various forms of secondary sulfates, including a jarosite-type phase and melanterite, were also detected in the sediment samples.
SEM-EDS analysis showed that two major types of fine-sized grains occurred in Xa201 and Xa202 sediments. One type of grain was smooth-surfaced ( Figure S2A ) and exhibited two major EDS peaks of Si and O, suggesting that this type represents quartz. The other type of the sediment grain was intensively weathered and covered by filaments and spheres ( Figure S2B , C, D, E, and F). The EDS spectra showed enrichment in C, which implies that the filaments may be mineralized microbial cells. Arsenate inhibited growth at concentrations higher than 0.2 mM (15 mg l -1 ).
Phylogenetic analysis of the 16S rRNA gene of strain I2 places it within the phylum Firmicutes, class Peptococcaceae, genus Desulfosporosinus ( Figure 3 ). Desulfosporosinus burensis was the closest relative with the sequence identity of 98%.
Genome properties
Pyrosequencing and assembly of the draft genome of Desulfosporosinus I2 yielded 318 contigs longer than 500 bp with N50 contig size of 30,483 bp. The size of the genome, estimated as a total length of all contigs, is about 5.3 Mbp, and the GC content of the genome is 42.04%. Five copies of the 16S-23S-5S rRNA operon and 43 tRNA genes coding for all 20 amino acids were identified. Annotation of the genome sequence revealed 5,512 potential protein-coding genes of which 3,987 (72%) can be functionally assigned. Analysis of the conserved single-copy marker genes using CheckM (Parks et al. 2015) estimated the completeness of this draft genome as 98%.
The size of the Desulfosporosinus I2 genome is comparable to that of complete genomes of other Desulfosporosinus spp. (4.9 to 5.9 Mbp, Pester et al. 2012 ).
Resistance to heavy metals and arsenate
All three mechanisms of resistance to the metal stress (Nies 2003) , P-type ATPases, RNDtransporters, and cation diffusion facilitators (CDF) were revealed in the strain I2 genome ( Polyphosphates (polyP) may play role in copper detoxification in strain I2. PolyP, the linear polymers of orthophosphate, have been associated with the capacity of microorganisms to tolerate various types of stresses and to chelate metals (Seufferheld, Alvarez, Farias 2008) . The polyP association with vacuole-like bodies in strain I2 resembles bacterial acidocalcisomes, polyP storage organelles that were first described in eukaryotes but subsequently confirmed for various bacteria (Seufferheld et al. 2003) . TEM micrographs of ultrathin sections of strain I2
showed that inclusions may be surrounded by a membrane. Although there were no vacuolar pyrophosphatase (H + -V-PPase) homologs, a proton pump characteristic for both eukaryotic and bacterial acidocalcisomes was found in the genome. The key enzyme involved in bacterial polyP synthesis is polyphosphate kinase (PPK). The ppk deficient mutants cannot tolerate acid stress (Kornberg, Rao, Ault-Riche 1999) . Polyphosphate kinase 1 (PPK1) was not found in the I2 genome, although it contained a putative polyphosphate kinase 2 (PPK2) (UF75_4879). The latter protein had no homology in the available Desulfosporosinus genomes. Phylogenetic analysis shows that PPK2 from strain I2 was rather distant from all the known PPK2 and its closest relative with 30% similarity occurred in Aminomonas paucivorans from Synergistetes 
Oxidative stress
In its natural environment Desulfosporosinus sp. I2 may be frequently exposed to dissolved oxygen and thus should possess oxygen detoxification systems. We have identified superoxide dismutase (UF75_4309) and catalase (UF75_5085) genes in the I2 genome. These are typically found in aerobic bacteria, whereas anaerobes usually only employ superoxide reductase. (Figure 5 ). This cytochrome c oxidase belongs to the heme-copper transmembrane protein complexes. The cbb3 is believed to be a modern enzyme that has evolved independently to perform a specialized function in microaerobic energy metabolism. The discovery a copper-containing protein in Desulfosporosinus spp., which until recently have been considered to be strict anaerobes, is noteworthy. The recent comparative genomic studies suggest that the use of copper by prokaryotes is strongly linked to the use of oxygen (Ridge, Zhang, Gladyshev 2008; Karnachuk et al. 2015a ) and the evolution of copper-containing proteins followed the oxygenation of the Earth (Ochiai 1983; Saito, Sigman, Morel 2003) .
The second complex, the cytochrome bd-type quinol oxidase, consist of two subunits (UF75_2664 and UF75_2665) also carrying transmembrane helices. The cbb3-type and bd-type oxidases differ in their affinity to oxygen (e.g., Ekici et al. 2012 ) and thus together could protect cells from oxidative stress in fluctuating environment. Moreover, both cytochrome oxidases could reduce oxygen with electrons from the quinone pool and thus they may allow respiration of Desulfosporosinus sp. I2 under microaerophilic conditions. Our preliminary experiments showed that strain I2 did not grow under micro-aerobic conditions, when cells were cultivated in 12 ml stoppered vials containing liquid medium and 6 ml ambient air in the headspace. Further experiments are underway to examine the growth of the strain I2 in Hungate tubes with constant sparging of 0.02% oxygen and N 2 (P. Bukthyarova and G. Brasseur, unpublished).
Low pH tolerance
Several mechanisms that allow microorganisms to withstand high extracellular proton (UF75_0348). Potassium-transport ATPases have been shown to be overrepresented in metagenomes from acidic environments (Jones et al. 2012) . Additionally, the bacterium contained an acid resistance system exploiting proton-consuming decarboxylases, similar to those previously demonstrated in enterobacteria (Richard and Foster 2004; Fontenot et al. 2013 ), including arginine decarboxylase AdiA (UF75_RS17850), and lysine decarboxylase CadA (UF75_2412).
Carbon and nitrogen metabolism
Analysis of the genome Desulfosporosinus sp. I2 revealed genes encoding the complete (Gussin, Ronson, Ausubel 1986) . They are closely linked in the genome (UF75_0214-UF75_0223). To our knowledge, the capability to fix nitrogen has never been shown for Desulfosporosinus although homologous genes occur in available Desulfosporosinus genomes.
Nitrogen fixation was also revealed in the genome of a novel sulfate-reducing acidophilic Firmicute CEB3 (Petzsch et al. 2015b ).
Respiratory electron transfer chains
All major components of an electron transfer chain able to generate transmembrane proton gradient are encoded in the Desulfosporosinus sp. I2 genome. The genome analysis revealed a putative membrane-bound complex similar to bacterial NADH:quinone oxidoreductase, respiratory complex I (Friedrich and Scheide 2000) . There are two cluster of genes encoding NuoABCDHIJ subunits (UF_0875-UF_0869 and UF_4868-UF_4874), genes encoding NuoEFG (UF_1417-UF_1415), NuoKLM (UF75_5303-UF_5305), and NuoN (UF75_5036, UF75_5172).
The succinate dehydrogenase complex is encoded by a three gene operon and consists of an ironsulfur subunit (UF_3017), a flavoprotein subunit (UF_3018) and a transmembrane cytochrome b subunit (UF_3019). The transmembrane ion gradient generated by electron transfer chains may be used for ATP synthesis by an F 0 F 1 -type ATPase, encoded by genes UF_2550-UF_2559.
Consistent with the ability of Desulfospororsinus sp. I2 to use sulfate for respiration, its genome contains the complete set of genes for dissimilatory sulfate reduction (Rabus, Hansen, Widdel 2007) , including sulfate permease (UF75_2393, UF75_3177), sulfate adenylyltransferase (UF75_3182), Mn-dependent inorganic pyrophosphatase, two clusters of adenylsulfate reductase AprAB (UF75_0198/ UF75_0199 and UF75_3180/UF75_3181), and dissimilatory sulfite reductase (DsrA -UF75_3747, DsrB -UF75_3746, DsrC -UF75_3007). A two-gene operon encoding the subunits QmoA (UF75_3185) and QmoB (UF75_3184) of the adenylsulfate reductase-associated electron transfer complex QmoABC is located near the sulfate adenylyltransferase gene. However, the third gene, qmoC (encoding a quinone-interacting membrane-bound oxidoreductase), is absent, as also reported for the qmo operon in Desulfotomaculum reducens (Junier et al. 2010) . Genes coding for sulfite reductase-associated electron transport proteins DsrMKJOP (DsrP -UF75_2291, UF75_3008, UF75_3985; DsrO - The sulfate reduction rate in the oxidized Xa201 and Xa202 sediments was about the same order of magnitude as measured previously in the mining-impacted oxidized environments in Norilsk (Karnachuk et al. 2005 ). This rate may appear modest, but given the high sulfate concentrations in the oxic tailings, the absolute quantities of sulfate reduced under the oxic conditions and the accompanying precipitation of metals can reach substantial levels. Authigenic secondary sulfide minerals, recovered as a chromium-reducible sulfur fraction from the mineimpacted sediments in Norilsk, were enriched in 32 S compared to the primary sulfide  34 S values, which testified to their biological origin (Karnachuk et al. 2005 Several previous studies have demonstrated the presence of SRB in the oxidized zone of sulfide tailings. Bruneel and co-authors (2005) discovered that the most abundant clone sequences retrieved from oxidized As-rich tailings in Cornoules (France) belonged to the class Deltaproteobacteria, which harbors many diverse SRB. In another study, a substantial number of clones related to the genera Desulfobacterium and Desulfomonile were retrieved from the fully oxygenated water of seepage from a tailings dam at the same mining site (Bruneel et al. 2006 ).
Furthermore, culturable SRB have been regularly retrieved from the oxidized zones of various types of sulfide tailings (Fortin, Davis, Beveridge 1996 , Fortin, Goulet, Roy 2000 Diaby et al. 2007 ).
Desulfosporosinus spp. are important players in the sulfate reduction in acidic mine wastes
Our previous research of sulfate reduction at the Berikul site showed that Desulfosporosinus was the only phylotype with the known capability to reduce sulfate in the oxidized mine waste materials (Karnachuk et al. 2009 ). That is why the isolation procedure in this study targeted the spore-forming bacteria. Glycerol was used as a substrate for isolation because of the previous reports of possible toxicity of lactic acid and other organic acids under low pH conditions (Alazard et al. 2010; Meier, Piva, Fortin 2012; Sánchez-Andrea et al. 2014 ). Subsequently it was discovered that strain I2 could grow with lactic acid as an electron donor. Lactic acid was used for isolation of another acidophilic Desulfosporosinus sp. BG from mine tailings in Transbaikal area (Karnachuk et al. 2015b ). There are many reports of Desulfosporosinus detection in the biotopes associated with acidic mine environments (Nevin, Finneran, Lovley 2003; Petrie et al. 2003; Suzuki et al. 2003; Kimura, Hallberg, Johnson 2006; Rowe et al. 2007; Cardenas et al. 2008; Jin et al. 2008; Madden et al. 2009; Senko et al. 2009 ). Many of these reports rely on cultivation rather than on the use of molecular methods. Küsel et al. (2001) 
isolated
Desulfosporosinus sp. Lau III from the acidic sediment of a lake impacted by strip coal mining.
Labrentz and Banfield (2004) biosphere," a phenomenon described for marine ecosystems (Sogin et al. 2006) , when a lowabundance but active component of the community is masked by dominant populations.
Genomic insight does not reveal additional metal transporters in metal-tolerant
Desulfosporosinus sp. I2
Desulfosporosinus sp. I2 habitat contained high concentrations of arsenic and the major mechanisms to tolerate it were present in the genome. However, the strain could not grow in the presence of more than 0.2 mM (15 mg l -1 ) As, which is a lower concentration than known for the truly resistant strains. It is possible that As is effectively precipitated in the form of sulfides by SRB. Two different arsenic sulfides, orpiment and realgar, were found in the sediment samples from the tailings. It is possible that they were secondary sulfides formed due to As precipitation.
Desulfosporosinus sp. I2 could tolerate high copper levels of up to 142 mM. These levels are much higher than those reported for many metal-tolerant strains. For example, the model metal-tolerant Cupriavidus metallidurans has been reported to grow in the range of 1.5 -12.5 mM Cu (Chen et al. 2008) . A copper-resistant Acidithiobacillus ferrooxidans, an iron-oxidizing acidophile, could be adapted to up to 800 mM CuSO 4 (Navarro et al. 2009; Orellana and Jerez 2011) . The presence of additional metal transporters is suggested as a general mechanism to withstand high metal concentrations. The genomic islands combined different metal-transporters have been reported for C. metallidurans (van Houdt et al. 2009 ) and A. ferrooxidans (Navarro et al. 2009; Orellana and Jerez 2011) . The genome sequence of strain I2 did not reveal additional metal transporters as compared to the other sequenced Desulfosporosinus isolates. However, the level of metal tolerance among the Desulfosporosinus strains varied drastically, and other mechanisms may also play role in their metal resistance. One possible mechanism involves the sequestration via polyphosphates. The transcriptome analysis, which is under way in our group, will help tackle the mechanisms involved in metal tolerance.
